The diffusion of randomly implanted boron in silicon during high temperature processing was studied using a 1015/cm 2 dose of 300 keV boron ions. An anodization-etch sheet-resistance method was used for measuring the diflusion profiles. A computer simulation, utilizing the Crank-Nicolson finite-difference analog, was used to model the diflusions and to aid in interpreting the data. Effects of SiO2 capping and various ambients (N2, H2, and N2-1% 02) on boron out-diffusion were investigated. The experiments showed that out-diffusion at 1O00~ in N2 is negligible, but out-diffusion at 1200~ in H~ is quite significant. A self-capping effect that prevents out-diffusion was observed in the N~ and N2-1% 02 atmospheres at 1200~
The use of ion implantation in semiconductor device manufacture is an attractive alternative to conventional diffusion. One advantage of ion implantation is the accurate control of the total number of implanted ions. The implant serves as a predeposition which is then followed by a drive-in diffusion to achieve the desired impurity distribution. The implant concentration profiles of common dopants in silicon are fairly well known (1, 2) . When the implant is subjected to heat-treatment, however, the effects of the furnace ambient (3) and the capping material on the impurity distribution (4, 5) obtained in the drive-in step are not as well understood.
The implanted ion dose and the implant profile can be greatly affected if significant out-diffusion occurs at the surface of the silicon during heat-treatment. The amount of out-diffusion depends on the evaporation coefficient, h, which relates the flux in the solid at the surface to the surface concentration (6) . In principle, h can vary from zero, implying no evaporation at the surface, to infinity, implying that all the dopant reaching the surface will evaporate. The actual values of h depend upon such factors as teml~erature and ambient gases. Langer and Goldstein (7) found experimentally that over the temperature range from 1190 ~ to 1380~ the evaporation coefficient of boron from silicon in a hydrogen ambient is given by h : 27.96 exp (--2.481/kT)cm/sec [1] The purpose of the present study was to investigate experimentally and theoretically the distribution of implanted boron in silicon after the drive-in diffusion step. The effects of oxide capping and of various ambient atmospheres (N2, H2, N2-1% 02) upon out-diffusion were studied. Although the impurity profile produced by implantation is often approximated by a Gaussian distribution, in agreement with published data (8) we found that the Gaussian is not an accurate representation of the implanted profile. Therefore, a computer model, using finite-difference solutions to the diffusion equation, was employed to calculate the redistribution of the implanted ions during the drive-in step.
Computer Simulation
The diffusion of boron in silicon can be described by Fick's second law Key words; implantation, capping, redistribution, annealing, impurities.
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0t ax where c(x, t) is the concentration of boron and D is the diffusion coefficient. If D is not a function of concentration, Eq. [2] reduces to
~t Ox ~ This equation has been solved analytically for certain well-behaved initial profiles, but for the case of an implanted profile such a solution is not available. The most useful of the methods for solving differential equations such as the diffusion equation utilize finitedifference techniques. One of these, the Crank-Nicolson finite-difference analog, as described by yon Rosenberg (9) , is second-order correct with respect to both independent variables and, in addition, stable over a wide range of increments of the variables. We used the Crank-Nicolson method for computer simulation of the diffusion process. Two types of boundary conditions were considered. The first specified an out-diffusion flux at the surface given by
Ox ] z=O where C is the surface concentration and --is OX ~=0
the concentration gradient at the surface. The second boundary condition specified no out-diffusion, corre0c sponding to --= 0. 0x x=0
Experimental Procedure
The experiments were performed on l l/a in. diam wafers of n-type, (111) silicon with a background phosphorus concentration of approximately 1015 atoms/ cm 3. Each wafer was implanted with a boron dose of 1015 atoms/cm2 at 300 keV. A random implant was achieved by tilting the sample 7 ~ off the ~111> direction about an axis 10 ~ to the [110] fiat.
To obtain boron concentration profiles, each sample was anodized and etched (10) to strip away thin layers of silicon and allow the use of differential sheet-resistance measurements. Anodization was performed in a water-cooled bath, at 21~ which contained an elec-trolyte of 1.1g of potassium nitrite in 100 ml of tetrahydrofurfuryl alcohol. A platinum-foil cathode was used and a copper-plated clip held the wafer in the electrolyte. The thickness of the oxide produced was measured by ellipsometry to be 925 _ 50A. After the oxide film was stripped and the sample rinsed and dried, the sheet resistance was measured in darkness with a linear four-point probe placed at the center of the wafer. No size correction was used since the probe spacing was only 0.040 in. The total concentration profile was measured by removing approximately 400A. of silicon in each of 40 anodization-etch steps.
The data obtained by the profiling were in the form of sheet resistances at known distances from the original surface. The data reduction was performed with a computer program (11) that derives ~he values of resistivity, p(x), from sheet resistance, ps(x), by using the expression (12) 1 d
The resistivity profiles were converted to concentration profiles by using a fifth-order approximation to Irvin's data for hole mobility in silicon (13) . The diffusion times and~temperatures to be used were calculated with the computer simulation program using a Gaussian distribution as the initial condition. To obtain initial profiles, two of the implanted wafers were annealed to remove the initial damaged regions in 2 liter/min dry nitrogen for 30 min at 950~ in a tube whose cross-sectional area was 24 cm 2. According to the above calculation, no measurable diffusion of boron should occur during this time period. For profiles at 1000~ two wafers were diffused in 1 liter/min dry nitrogen for 2 hr 11 min and 14 hr 45 min. Two other wafers were capped with 5000A of vapor-deposited SiO2 to prevent out-diffusion. In order to prevent diffusion during capping, the oxide deposition was performed at a low temperature, 420~ using the following reaction of silane and oxygen Sill4 ~ 2 02 --> SiO2 (solid) -5 2H20
These wafers were then diffused in a 2 liter/min ambient of 99% nitrogen-l% oxygen at 1200~ one for 30. rain and the other for 60 rain. As controls, two uncapped implanted wafers were diffused under the same conditions. Three other uncapped samples were diffused at 1200~ for 60 rain in the following ambient atmospheres: pure H2 at 20 liter/min, 99% nitrogeni% oxygen at 2 liter/rain, and pure N2 at 4 liter/rain.
Computer calculations of boron concentration profiles were performed for the same times and temperatures as the experimental runs.'A comparison of calculated and measured profiles was then made. The values used for the diffusion coefficient of boron in silicon were calculated from the expression given by Kendall and DeVries (14) with Do ----1.4 cm2/sec and Q = 3.5 eV, which yields D10e0oC ----1.83 • i0 -14 cm2/ sec and D12oooc : 1.40 • 10 -12 cm2/sec.
Results and Discussion
The initial profile for boron, measured after the sample was annealed at 950~ for 30 min in a 2 liter/ min dry N2 ambient to activate the boron acceptors, is shown in Fig. 1 . The curve is Gaussian but it does exhibit a high surface concentration. This effect was observed for both the initial profile samples. Because of some inconsistencies in the sheet-resistance data within the first quarter micrometer, the concentration data were smoothed in this region. The smoothing led to an error under 50% in the surface concentration and had no effect on the final computed profiles. A high surface concentration has been reported by Davies (17) , who used junction depth measurements for measuring implanted boron profiles. Values of the. range, R, and straggle, ~, were 7000 and 1000.A, respectively, and compare favorably within experimental limits to the LSS The profiles measured after annealing at 1000~ in N2 for 2 hr 11 min and for 14 hr 45 min are shown in Fig. 2 and 3 , respectively. Computer simulations using h values of 0 cm/sec and 10 -9 cm/sec are also plotted. It is impossible within the resolution limits of the experiment to determine the value of h for best fit from the 2 hr 11 min curves. It is, however, evident from the 14 hr 45 min curves that the value of h is much smaller than 10 -9 cm/sec. A good fit is obtained with h = 0 and is indistinguishable from that obtained for h --~ 10 -10 cm/sec, indicating that for these conditions no out-diffusion occurs. No oxide or nitride was observed on the sample surfaces after diffusion. The curves in Fig. 4 show the profiles obtained for the diffusions at 1200~ in a 2 liter/min N2-1% 02 ambient. The experimental points for 30 and 60 min diffusion times for the uncapped samples and for the samples capped with G000A SiO2 are shown along with the theoretical simulation curves for h ----0 cm/sec. The agreement between the calculated and experimental results for the capped samples is within the experimental accuracy. The close correspondence with the theoretical curves for h ~ 0 in the case of the uncapped samples indicates that no out-diffusion took place in the samples in spite of the lack of an applied capping material. Although these results suggest that an oxide forms on the silicon surface during diffusion in N2-1% 02 at 1200~ no oxide layer was visible on the samples after diffusion. However, a layer of SiO2 less than 800A in thickness is not generally visible to the eye. Therefore, to check the possibility of oxide growth an additional sample was diffused at 1200~ for 60 rain in 2 liter/min of N2-1% 02. An oxide layer about 700A thick was detected and measured using the fact that a buffered HF solution will etch SiO2 at a constant rate until the wafer finally becomes hydrophobic. A similar diffusion was done in 4 liter/min N2 to check for silicon nitride formation at 1200~ In this case, a layer could be seen on the surface but it was not an oxide since it did not etch in buffered I-IF. Possibly the layer may have been silicon nitride. The differences between the measured and calculated profiles for the 60 min diffusions at 1200~ in N2-1% 02, while within the estimated limits of experimental error, are significantly greater than those for the other diffusions in N2-1% O2 and N2. The reason for this is not understood. The process of boron transfer from silicon to the SiO2 surface layer (5) is not expected to play a significant role in the redistribution of boron in these experiments since the amount of SiO2 thermally grown was small. In the case of the capped samples, the effect was assumed to be negligible since no thermal oxide was grown on the samples.
The calculated boron profiles after diffusion lie below the measured ones at the larger distances from the surface. A larger value of D would give a better fit but no attempt was made to adjust D since this would not have contributed significantly to a better understanding of the behavior of boron at the ambient-wafer interface. Figure 5 shows the profile obtained after diffusion in 20 liter/min of pure H2 for 60 rain at 1200~ Curves for the computer simulation using Langer and Goldstein's (7) (Fig. 4) . In one computer calculation allowance was made for the silicon evaporation that occurs at 1200~ in hydrogen according to Tung (16) . The rate of evaporation used in this moving boundary simulation was 2.1'7 • 10 -10 cm/sec, as determined experimentally by Langer and Goldstein (7) . The profile for the hydrogen diffusion is well approximated by this theoretical curve, as expected, because the hydrogen allowed no oxide or nitride growth. The effect of this out-diffusion is considerable, resulting in nearly twice the value of sheet resistance measured for the capped samples.
The results reported here are subject to the following experimental errors. The anodization step could result in an error of ___2% max in the oxide thickness. This is insignificant for any one step but could become sizable after a large number of steps. The sheet resistance measurement by four-point probe was found to yield a ___5% variation for multiple readings on the same spot. The data reduction technique, being primarily analytical in nature, has only those errors normally introduced by computer calculations associated with it. An error can be associated with the use of Irvin's mobility data, particularly in high concentration regions (~10 ~s atoms/cm z) (3) . Due to the use of an electrical measurement technique, a loss of resolution occurred in two areas. For those samples which had low surface concentrations, the resistivity method of measurement introduces data scatter because of a lack of impurities at the surface. Near the interior p-n junction a large degree of inaccuracy can occur since the sheet resistance approaches the junction asymptotically. A direct measurement of the impurity concentrations would allow more accurate profiles to be taken. This is particularly true for the as-implanted profile, which cannot be found by electrical measurements because annealing is required to activate the impurities.
